The nucleotide sequences of the genes for 6-aminohexanoate-cyclic-dimer hydrolases of Flavobacterium sp. strain K172 (F-nyLA) and Pseudomonas sp. NK87 (P-nyLA), enzymes essential for the degradation of a by-product of the nylon-6 industry, were obtained by the dideoxynucleotide chain-termination method. A 1,479-base-pair open reading frame starting at a GTG and terminating at a TGA was found for the both of the genes. The P-nyUL and F-nyL4 genes encoded polypeptides of 493 amino acids and had only 10 base substitutions in the coding region, which caused seven amino acid substitutions.
The F-El enzyme is composed of two identical subunits of Mr 50,000. This enzyme is active towards 6-aminohexanoate-cyclic dimer but not towards more than 100 kinds of amide compounds, including 6-aminohexanoate oligomers, e-caprolactam, various peptides, and 1-lactam antibiotics (8) . In the accompanying paper (6) , we showed that the F-EI and P-El enzymes are homologous for the following reasons: (i) antiserum against the purified F-El enzyme made a precipitin line with cell extracts of NK87, which fused at the corner to the precipitin line formed by the F-El enzyme, and * Corresponding author.
(ii) a 32P-labeled F-nylA probe hybridized to DNA fragments containing the P-nylA gene. These results provide us with a good system for studying how the nylA genes are distributed between miroorganisms. In this article, we identified the amino acid sequences of the F-EI and P-EI enzymes from the nucleotide sequence of the cloned genes.
MATERIALS AND METHODS Enzymes and chemicals. Restriction endonucleases
BamHI, EcoRI, EcoRV, HincIl, HindlIl, KpnI, MiuI, PstI, Sall, SmaI, XbaI, and XhoI, T4 DNA ligase, T4 polynucleotide kinase, DNA polymerase I (Klenow fragment), exonuclease III, and mung bean nuclease were obtained from Toyobo Co. Ltd. Other chemicals used were guaranteedgrade reagents from Nakarai Chemical Co. Ltd.
Plasmids, phages, and bacterial strains. The following plasmids were used for DNA sequencing: pNDH501 (15) , a hybrid plasmid consisting of the 3.7-kilobase-pair (kbp) HindIII-SaIl fragment of pBR322 (2) and 2.0-kbp HindIllSall fragment of pOAD2 containing the F-nylA gene, and pNK11 and pNK11R (6) , hybrid plasmids consisting of pUC19 (23) DNA preparation. Plasmid DNAs were prepared by the alkaline extraction method described by Birnboim and Doly (1) . Plasmid DNAs were further purified by CsCl-ethidium bromide density gradient centrifugation (16) . M13 singlestranded DNA and double-stranded DNA were prepared from the culture supernatant and pellets of M13-infected cells (12) .
Restriction endonuclease digestion, ligation, and transformation. Restriction endonuclease digestion and ligation were done as described before (10) . Transformation was done by the CaCl2 method (3) with E. coli JM103 as the recipient. M13 phage plaques were selected on H agar medium containing 0.1 mM isopropyl-p-D-thiogalactoside and 40 ,ug of 5-bromo-4-chloro-3-indolyl-,-D-galactoside (12) per ml.
Electrophoresis. DNAs were separated by agarose gel (1%) electrophoresis as described before (10) . Bacteriophage 3188 TSUCHIYA ET AL. lambda DNA digested with HindIII was used as a size marker (10) . If necessary, DNA was extracted from the gel by the method of Vogelstein and Gillespie (21) with a Geneclean kit (BiolO1 Inc.). Polyacrylamide gel electrophoresis of DNAs was done as described before (10) . pBR322 digested with HpaII (10) was used as a size marker. If necessary, DNA fragments were extracted after homogenization of the gel (11) .
Labeling of probe and DNA hybridization. The probe for the N-terminal region of the F-El enzyme [5'-AAGGT(G/C) GACCT(G/C)TGGCAGGAC-3', equal amounts of G and C are mixed at the 6th and 12th positions] was chemically synthesized by an automated DNA synthesizer (Applied Biosystem Co. Ltd., model 381A) and labeled with [T-32P] ATP (5,000 Ci/mmol; ICN Chemical Co.) and polynucleotide kinase (11) . Southern hybridizations (20) were done at 45°C.
Nucleotide sequence identification. M13 phage DNA that contained suitable sizes of inserted fragments was constructed (23) by using kilobase sequencing kits (Takara Shuzo Co.). To isolate a series of fragments which have ends at about 200-bp intervals, we first digested pNDH501 containing the F-nylA gene with either HindIII (series 1) or Sall (series 2), followed by digestion with exonuclease III and mung bean nuclease (Fig. 1A) . The extent of digestion was verified by changing the duration of exonuclease III reactions. The fragments obtained were further digested with Sall (for series 1) or EcoRI (for series 2), and the DNA fragments were fractionated by agarose gel (1%) electrophoresis. The fragments recovered from the gel were inserted into M13mpl9 digested with SalI plus SmaI (for series 1) or into M13mpl8 digested with EcoRI plus HincII (for series 2). The ends of each sequence were overlapped, and both strands were sequenced.
For sequencing the P-nylA gene, we digested pNK11 with PstI plus XbaI, followed by digestion with exonuclease III and mung bean nuclease (Fig. 1B) . For sequencing of opposite strands, plasmid pNK11R was also digested by PstI plus XbaI, followed by exonuclease and mung bean nuclease treatment. DNA fragments were fractionated by agarose gel (1%) electrophoresis; fragments recovered from the gel were inserted into M13mpl8 digested with XbaI plus SmaI.
The nucleotide sequence was identified by dideoxynucleotide chain termination methods (19) with 7-deaza-2'-deoxyguanosine triphosphate (13) . Chain-terminating DNA fragments were fractionated by electrophoresis (11) through an 8% polyacrylamide gel (40 cm by 25 cm by 0.3 mm) at constant voltage (2,000 V).
Purification of enzyme and amino acid sequence analysis. The F-El enzyme was purified from cell extracts of Flavobacterium sp. strain K172 (8) . The enzyme solution was dialyzed against distilled water and lyophilized. The amino acids of the purified enzyme were sequenced by sequential Edman degradation with an automated protein sequencer (Applied Biosystem Co. Ltd., model 470A).
RESULTS
Location of the F-nyLU gene. We had isolated the 2.0-kbp HindIII-SalI fragment containing the F-nylA gene, which was larger than the size estimated from the molecular weight of the subunit of the F-El enzyme (1.5 kbp); this fragment was used for identification of the nucleotide sequence. To identify the DNA fragment containing the N-terminus of the enzyme and the direction of gene expression on the inserted fragment, we identified the DNA fragments of pNDH501 which hybridized to a 32P-labeled synthetic oligonucleotide from the N-terminal amino acid sequence of the purified F-EI enzyme. Since this probe hybridizes to the 0.75-kbp HindIII-BamHI fragment but not to the 0.42-kbp PstI-SalI fragment, the N-terminal region should be encoded on the former, and the gene is expressed rightwards on the map of the pNDH501 (Fig. 1A) .
Identification of nucleotide sequence of the F-nyl4 gene. A 1,479-bp open reading frame starting at a GTG and terminating at a TGA codon was found in the nucleotide sequence of the HindIII-SalI region of pNDH501 (Fig. 2) (13) . (ii) The Mr of 52,211 calculated from the sequence is similar to the value of 50,000 found by sodium dodecyl sulfate-polyacrylamide gel electrophoresis of the purified enzyme (8) . Nucleotide and deduced amino acid sequence of F-nylA and P-nylA genes. The nucleotide sequence of the P-nylA gene of Pseudomonas sp. strain NK87 was identified and given as the sequence of the noncoding strand. The sequence of the F-nylA gene of Flavobacterium sp. strain K172 is identical to that of P-nylA except for the nucleotides shown below the P-nylA sequence. The sequence alignment, which includes gaps of 3 bases (shown as dashes) was done by the Wirbur-Lipman method with a k-tuple of 4 (22) . The entire amino acid sequence of P-El enzyme deduced from the nucleotide sequence of P-nylA is shown above the P-nylA sequence. The amino acid sequence of the F-El enzyme is identical to that of P-El except for the amino acids shown below the different nucleotide. The Shine-Dalgarno sequence (AAGGAG), initiation codon (GTG), and termination codon (TGA) are boxed. Probable promoter regions (TTGACA, -35 region; TAATAT, -10 region) are overlined. Analysis of the DNA sequence downstream from the coding region showed a short inverted repeat structure (marked by arrows). quence deduced from this open reading frame agreed with that identified by Edman degradation of the purified protein (Ser-Lys-Val-Asp-Leu-Trp-Gln-Asp-Ala-Thr-Ala-Gln-), indicating that formyl methionine (fMet) is processed in the Flavobacterium strain. A ribosome-binding sequence (AAG-GAG) complementary to the 3' end of the 16S rRNA of E.
coli was observed 7 bp upstream of the initiation codon.
Comparison of nucleotide sequences of F-nyLA and P-nyUA. P-nylA has a single open reading frame able to encode a peptide of 493 amino acids (Mr, 52,239). The P-nylA gene starts at a GTG, terminates at a TGA, and has a ShineDalgarno sequence, AAGGAG (Fig. 2) . It is uncertain whether the fMet of P-El is removed in the Pseudomonas strain. P-nylA and F-nylA have only 10 base substitutions in the 1,479-bp sequence. This caused the following seven amino acid substitutions: (i) five of the amino acid substitutions [Ser-313 (F-EI) to Leu (P-EI), Gln-411 to His, Ser-412 to Thr, Phe-414 to Leu, and Gln-420 to Arg] were done by replacement of a single base; for two amino acids (at positions 412 and 414), substitutions were at the first nucleotide in the codon; for two amino acids (at positions 313 and 420), substitutions were at the second nucleotide; and for one amino acid (at position 411), substitution was at the third nucleotide; (ii) one of the seveil amino acids substitution [Asn-125 (F-EI) to Thr (P-El)] was done by two base substitutions in the codon; and (iii) the remaining amino acid substitution [Thr-118 (F-EI) to Val (P-EI)] was done by three base substitutions.
DISCUSSION
Substitutions of 47 of 392 amino acids exist between F-EIl and its analogous F-EII' protein encoded on plasmid pOAD2 (14, 18) . Recently, we found that F-EIl and P-EIl enzymes have only 35% similarity in their amino acid sequences (unpublished results). It is interesting that in contrast to the sequence variations in the nylB gene and its related sequences, the two EI enzymes are highly homologous in microorganisms which were isolated independently and classified as different genera. Although the transposability of the nylA region has not been confirmed under experimental conditions, the following results suggest that the ancestral nylA gene was transposed from one microorganism to others by at least two genetic events (i.e., transposition of the ancestral nylA gene, and transfer of the responsible plasmids). (i) The F-El and F-EIl enzymes are encoded on the same plasmid, pOAD2, but P-El and P-EII are encoded on different plasmids; (ii) the high homology begins abruptly 61 bp upstream of the initiation codon; and (iii) on plasmid pOAD2, there are 5 RS-I sequences, which might be involved in the rearrangement of the plasmid (17) . These results strongly suggest that exchange of genes responsible for the degradation of xenobiotic compounds actually occurs between different microorganisms.
We have found that neither the EI nor EII probe hybridized to the EIl and El regions, respectively, even when the hybridization was done at 55°C. However, sequence alignmen;t by the method of Wirbur and Lipman with a k-tuple of 4 (22) shows 47.2% homology between the F-nylA and RS-IIA in a 1,141-bp region, and 48.6% homology between the F-nylA and RS-IIB in an 891-bp region. This value is too low to conclude that the El and EIl genes are evolutionarily related.
Although significant overall homology was not observed between the amino acid sequences of F-El and F-EII, a short homologous region was identified by Harr plot analysis. 14 amino acids are identical in a 29-aminoacid region which includes three gaps (Fig. 3) . We have found that Ser-112 of the F-ElI is essential for enzymatic activity (unpublished results) and that the region around Ser-112 is homologous to the active-site region of P-lactamase and DD-carboxypeptidase, in which the conserved sequence is Ser-X-X-Lys (4, 5) . The F-El activity is also inhibited by diisopropylfluorophosphate, an inhibitor of serine proteinase, as is the case with the F-ElI enzyme (8) . Although lysine is not conserved in the F-El enzyme, it is probable that one of the serine residues in this homologous region is essential for activity. A cysteine residue also seems to be essential for the F-EI activity, since the F-El enzyme is inhibited by 10 ,uM p-chloromercuribenzoate and the activities inhibited were restored by 0.3 mM 2-mercaptoethanol (8) . Further structural analysis of the F-EI and P-EI hydrolases is important for better understanding of the evolution of these enzymes.
